INTRODUCTION
Stress can be described as any change in the environment that elicits a reaction of the hypothalamicpituitary-adrenal axis (the fight or flight response) and the resulting endocrine, immune, and behavioral changes that accompany this response. The stress response has strong individual variation, and the genes responsible for these differences are being investigated (Redei, 2008) . There are many environmental, social, and management stressors that can produce a stress response during poultry production (Gross and Siegel, 1988; Siegel, 1995) . Those of importance in the later stages can include temperature extremes, ammonia, dust, endotoxin, disease, overcrowding and social hierarchy, lighting schedules, management failures to provide feed or water, wet litter, moving birds in a multi-house growout system, and finally catching and transportation to the processing plant. In addition, the growth rate of highly productive modern strains has been associated with the development of undesirable metabolic changes (Scheele, 1997) .
Modern turkey production has benefited from the intensive selection of strains that profitably produce either meat or eggs and correlated responses in stressrelated behaviors have been observed. Relative to egg strains, meat strains that have been selected for fast growth have been described as docile with excessive appetites, decreased motor ability, and poor immunoresponsiveness (Siegel, 1989) . The association between fast growth and decreased disease resistance of turkeys has come primarily through the study of 4 closed genetic turkey lines developed at the Ohio Agricultural Research and Development Center (OARDC) at The Ohio State University. These lines include a randombred control line (RBC1) and its subline (eggline) selected exclusively for increased egg production over a 250-d period and another randombred control (RBC2) and its subline selected for increased 16-wk BW (F-line; Anthony et al., 1991; Nestor et al., 2000; Emmerson et al., 2002) . Differences in behavior, stress response, and disease susceptibility have been previously reported between the OARDC egg line and the F line as well as between both of these and an even faster growing commercial line. The fast-growing lines had greater airsacculitis scores, mortality incidence, and heterophil/lymphocyte ratios (H/L) when challenged with Escherichia coli and subjected to transport stress (Huff et al., 2005 (Huff et al., , 2006 (Huff et al., , 2007 .
The stress of catching and transportation is perhaps the most severe environmental change experienced by turkeys and usually includes feed withdrawal because this practice is known to improve food safety by decreasing fecal contamination. A more subtle stressor, that affects birds throughout their lifespan, is respiratory exposure to fecal pathogens and their endotoxins in the litter. Systemic infection with E. coli, or colibacillosis, is a chronic stressor of poultry (Butler et al., 1977) and is also exacerbated by stress. Colibacillosis is one of the most important diseases of poultry production and is the leading cause of condemnation (Barnes et al., 2003) . The behavioral and physiological response of chickens to lipopolysaccharide endotoxin has been shown to have a heritable component in challenges of genetically distinct chicken lines (Cheng et al., 2004) . Exposure to E. coli and its lipopolysaccharide endotoxin results in a stress response that increases the H/L, an important indicator of stress in birds (Gross and Siegel, 1983) . This response has recently been compared in chickens to that induced by dietary corticosterone and was found to have different effects on the ultrastructural morphology of heterophils and lymphocytes (Shini et al., 2008a) as well as on biological responses including metabolic, growth, and immune activities (Shini et al., 2008b) .
The objective of the present study was to analyze the hematological and clinical chemistry profiles resulting from an E. coli challenge followed by transport stress in turkeys with different genetic backgrounds to determine changes in serum hematology and biochemical parameters that may be useful for profiling the level of stress in commercial turkey production.
MATERIALS AND METHODS
Three genetic lines of turkeys were compared for their hematological and clinical chemistry responses to transport stress and E. coli challenge. The turkey lines were the egg line, the F line, and a commercial line (Comm). The birds from the egg and F lines were the progeny of a hatch of eggs obtained from the OARDC, Wooster, Ohio. The hatch consisted of 66 egg-line birds and 42 F-line birds of mixed sex. Fifty Comm poults of mixed sex were obtained from a commercial turkey hatchery at 1 d of age and were transported to housing facilities and set in pens on the same day as the closed lines. All turkeys were reared in floor pens on pine shavings, given ad libitum access to a standard corn and soybean turkey ration meeting or exceeding the NRC recommended allowances (National Research Council, 1994) , and were kept under incandescent lighting on a light schedule consisting of 23L:1D. For the first 2 wk the birds were brooded under heat lamps in a single pen for each line. At 2 wk of age they were separated into 12 pens in a 3 line × 2 treatment design with 2 replicate floor pens for each line × treatment group. Five or 6 birds were placed into each of the control pens and 7 to 10 birds were placed into each of the challenge pens where they were maintained until 13 wk of age. All animal research procedures were evaluated and approved by the Institutional Animal Care and Use Committee of the University of Arkansas.
E. coli Challenge
At 14 wk of age challenged birds were inoculated in the left cranial-thoracic air-sac with sterile tryptose phosphate broth (TPB) containing approximately 5,000 to 10,000 cfu of a nonmotile strain of E. coli serotype O2, which had originally been isolated from chickens with colisepticemia. The inoculum was prepared by adding 2 loopfulls of an overnight culture on blood agar to 100 mL of TPB and incubating for 2.5 h in a 37°C shaking water bath. The culture was held overnight at 4°C while a standard plate count was made. Ten-fold dilutions were then made in TPB based on the standard plate count.
Transport Stress
Eight days after the bacterial challenge, all challenged birds were subjected to the following transport stress procedure which included a total of 12 h of holding time in the transport vehicle without feed or water. Birds were loaded into an open-fenced trailer covered with a tarp. The egg-line birds were separated from the other 2 lines by a fence to protect them from the larger birds. The temperature ranged from 18 to 21°C, and there was a slight drizzle. The birds were driven around the University farm facilities for 3 h with occasional stops. They were then driven to the University Pilot Processing Plant, where the transport vehicle was parked in a covered holding area. After a total of 12 h from time of loading, birds were returned to their original pens where they had access to feed and water. These birds that were both challenged with E. coli and then later subjected to transport stress will be referred to as transport.
Bleeding
The morning after transport stress, 69 surviving birds were weighed and bled by venipuncture and blood was delivered to glass serum-collecting tubes without coagulant and EDTA-coated tubes. All treated birds and untreated control birds were bled at the same time, which was 12 h after the end of the transport period and 9 d after challenge with E. coli. Total red blood cell counts (RBC), hemoglobin concentration (HGB), hematocrit (HCT), mean cell volume (MCV), mean corpuscular hemoglobin (MCH), and mean corpuscular hemoglobin concentration (MCHC) were measured in whole blood using a Cell-Dyn 3500 blood analysis system (Abbott Diagnostics, Abbott Park, IL), which employs both electronic impedance and laser light scattering and has been standardized for analysis of turkey blood. All samples were analyzed within 2 h of collection.
Before serum was collected, blood samples were held at room temperature for 4 h and were then refrigerated overnight. Serum samples were frozen at −20°C, and all samples were thawed and assayed at the same time. Clinical chemistry analysis of serum levels of calcium, phosphorus, total protein, albumin, glucose, triglycerides, cholesterol, uric acid, blood urea nitrogen (BUN), iron, and the enzyme activities of alkaline phosphatase (AP), alanine aminotransferase (ALT), aspartate aminotransferase (AST), and creatine kinase (CK) were measured using the Express Plus (Ciba-Corning Diagnostics Corp., Medfield, MA) automated clinical chemistry analyzer according to the manufacturer's directions. The assays have been previously validated for use with poultry serum samples. At 15 wk and 4 d of age birds were weighed, sexed, and necropsied as described previously (Huff et al., 2006) .
Statistics
Pen means were analyzed as a 3 × 2 × 2 factorial arrangement (line × treatment × sex) using the general linear models procedure of SAS software, and main effect means were separated using Duncan's multiple range test (SAS Institute Inc., 2004) . When there were no interactive effects due to sex, data were analyzed as a 3 × 2 factorial arrangement (line × treatment). When treatment and line interactions were significant, treatment means within line and line means within treatment were separated using the least squares means procedure of SAS software. A P-value of less than 0.05 was considered significant unless otherwise stated.
RESULTS
Determination of sex at necropsy revealed that blood samples from male and female birds, respectively, in each line were as follows: egg line, 10/12; F line, 10/9; Comm line 15/13. There were no significant differences between the sexes for any of the values presented in Tables 1, 2 , or 3, so male and female values were combined. The main effect mean (MEM) for treatment was significant for HCT, HGB, MCV, and MCH, which were all decreased by transport (Table 1) . The MEM for line was significant for MCV and MCH with the egg line having lower MCV levels compared with the other 2 lines and the F line having greater MCH levels than the 2 other lines. There were no significant treatment × line interactions for the values in Table 1 .
The MEM for serum levels of glucose, triglycerides, cholesterol, and phosphorus were significantly lowered by transport (Table 2 ). In addition, the MEM for serum cholesterol, phosphorus, and magnesium were significantly different among the lines. Cholesterol levels were lower in the egg line as compared with both other lines, phosphorus levels were lower in the Comm line as compared with both other lines, and magnesium levels were lower in the egg line as compared with the F line. There were significant treatment × line interactions for cholesterol, phosphorus, and calcium.
Treatment significantly affected MEM for serum levels of uric acid, BUN, albumin, ALT, AST, and CK (Table 3). Transport increased uric acid, BUN, ALT, AST, and CK and decreased albumin. The MEM differences for line were significant for uric acid, albumin, and CK (Table 3) . Uric acid levels were lower in the Comm line as compared with both other lines. Albumin was greater in the egg line as compared with the Comm line, and CK was greater in the egg line as compared with the F line. There were significant treatment × line interactions for uric acid, albumin, and AST.
Sex significantly affected MEM for both iron and AP levels with females having lower levels than males (Table 4 ). The MEM for treatment and line were also significant for iron and AP. Transport decreased iron and AP compared with the control. The Comm line had lower iron levels as compared with both other lines. The egg line had the greatest levels of AP, whereas the Comm line had the least level and the F line was intermediate. There were significant treatment × line interactions for iron and AP levels.
DISCUSSION
The effects of transport stress on the blood parameters determined in the current study can be summarized as follows. After transport, there were significant decreases in the MEM for HCT, HGB, MCV, MCH, glucose, triglycerides, cholesterol, phosphorus, albumin, iron, and AP and significant increases in uric acid, BUN, ALT, AST, and CK. However, the levels for RBC, HCT, HGB, MCV, MCHC, total protein, albumin, glucose, uric acid, and cholesterol were all within reported reference values before and after transport Campbell and Ellis, 2007) . Established reference values for hematology of domestic turkeys are very limited (Bounous and Stedman, 2000) and are not available for the other measured parameters. The decreases seen in triglycerides and glucose in broilers have been associated with feed withdrawal and may not be reflective of transport stress (Nijdam et al., 2005) .
The parameter most highly affected by transport stress in this study was CK, which was increased 6-fold on average, and in the egg line was increased 19-fold. Creatine kinase is an indicator of muscle growth (Hagiwara et al., 1989) and damage (Hochleithner, 1994) , and CK activity in turkeys has been reported as being extremely sensitive to physical stress and exercise (Hochleithner, 1994) . Creatine kinase activity has been reported to increase dramatically from d 3 to wk 20 in a fast-growing turkey line (Szabό et al., 2005) and to be greater in fast-growing turkey lines as compared with slower growing lines (Wilson et al., 1990; Kowalski et al., 2002) . In the present study, control birds from the Table 1 . Mean and main effect mean (MEM) levels for treatment and line for total red blood cell counts (RBC), hematocrit (HCT), hemoglobin concentration (HGB), mean cell volume (MCV), mean corpuscular hemoglobin (MCH), and mean corpuscular hemoglobin concentration (MCHC) 2 Transport stress model consisted of injection of approximately 5,000 to 10,000 cfu of E. coli into the airsac, 8 d before a 12-h transport and holding procedure. Blood was collected 12 h after the end of the transport period and 9 d after E. coli challenge. 2 fast growing lines had numerically greater CK values compared with the egg line, but whereas transport had a highly significant effect on all 3 lines, the slowgrowing egg line had the greatest increase as a result of transport.
Creatine kinase has been suggested as a marker for the degree of stress susceptibility in pigs, with the suggestion that the stress resistance of some genetic lines is reflected by the degree of muscle cell membrane permeability (Reddy et al., 1971) . Transport stress has been shown to increase CK levels in broilers (Mitchell et al., 1992; Scholtyssek and Ehinger, 1976) , pigeons (Scope et al., 2002) , pigs (Boss and McMurray, 1979; Yu et al., 2007) , catfish (Ellsaesser and Clem, 1987) , cattle (Warriss et al., 1995; Maria et al., 2004) , sheep (Knowles et al., 1998) , horses (Codazza and Redaelli, 1974) , and wild chamois (Lόpez-Olvera et al., 2006) . Creatine kinase levels were also increased by the stress of capture in ducks (Bollinger et al., 1989; Dabbert and Powell, 1993) and in wild turkeys (Nicholson et al., 2000) . The findings from those studies indicate that CK increase may be a valuable marker for the degree of stress imposed by catching and transport. The changes seen in CK activity in wild turkeys after capture were correlated with mortality at 14 d postcapture, suggesting that susceptible individuals could be identified by their CK response (Nicholson et al., 2000) .
Transport also increased serum levels of the enzymes ALT and AST, as well as decreased AP. Increases in ALT are nonspecific and can be due to damage of almost any tissue, whereas increases in AST are indicative of liver or muscle damage (Hochleithner, 1994) . The levels of AST seen in transported birds in the present study are 2-to 5-fold greater than the reported reference values for wild turkeys of 255 to 499 IU/L .
The ALT and AST have been reported to increase and AP to decrease in a commercial turkey strain with age from 3 d to 20 wk. The increases seen in ALT and AST were suggested to be indicative of intensive growth and expressed muscle hypertrophy as the result of singlesided selection for meat production and high white glycolytic muscle mass (Szabό et al., 2005) .
Transport has previously been shown to increase AST levels in captured ducks (Bollinger et al., 1989; Dabbert and Powell, 1993) , and in transported pigs (Yu et al., 2007) and wild chamois (Lόpez-Olvera et al., 2006) . Transported wild chamois also had increased levels of ALT, which along with increases in AST, CK, and LDH have been used to determine the degree of stress in transported wild ungulates (Lόpez-Olvera et al., 2006) .
In the present study uric acid levels were increased by transport, in agreement with previous reports in which transport stress was found to increase uric acid levels in 3 out of 7 broiler flocks and decrease glucose levels in 4 out of 7 flocks tested, however the mean values of these 7 flocks were not statistically different (Halliday et al., 1977) . Plasma uric acid is a major antioxidant in birds and is a reliable indicator of oxidative stress Table 3 . Mean and main effect mean (MEM) levels for treatment and line of uric acid, blood urea nitrogen (BUN), total protein, albumin, alanine aminotransferase (ALT), aspartate aminotrasferase (AST), and creatine kinase (CK) and kidney tubular function (Hartman et al., 2006) . However, contrary to these results, transport stress in pigeons decreased uric acid levels (Scope et al., 2002) .
For most parameters the differences between lines were variable, but the levels of iron and AP were indirectly correlated with growth rate, with male Comm line birds having the lowest levels. The MEM for iron and AP were also the only parameters influenced by sex, with males having greater levels of both compared with females, and iron and AP levels were decreased by transport. The transported male Comm line iron levels were 3-fold lower than its control and were equivalent to the female Comm line levels. Previously, the growth rate of these lines was positively correlated with an increased H/L and also with increased susceptibility to colibacillosis (Huff et al., 2005 (Huff et al., , 2006 .
Iron has an important role in resistance to infection because it is necessary for development and differentiation of immune cells and is involved in regulation of cell-mediated immune pathways and cytokine activity (Weiss, 2002 (Weiss, , 2005 . Chronic inflammatory disease has been shown to divert iron from the circulation to the reticuloendothelial system (Weiss, 2005) where high levels can increase susceptibility to bacterial infection (Jurado, 1997; Khan et al., 2007; Nairz et al., 2007) .
The current data suggest that turkey serum enzyme levels may be useful for determining the response to stress. The highly significant increases seen in the transport birds for CK, ALT, and AST, and the decreases seen in AP and iron may be used for profiling individuals and flocks to determine their responses to transport stress and feed withdrawal and possibly more general stress responses. The determination of stress-susceptible individuals may be useful in the genetic selection of turkeys with a moderate response to the stressors of commercial turkey production. For each parameter, means within a column with no common superscript differ significantly (P ≤ 0.05).
x-z For each parameter, means within a row and sex with no common superscript differ significantly (P ≤ 0.05).
1
A slow growing line selected exclusively for increased egg production over a 250-d period (egg line), a line selected for increased 16-wk BW (F line), and a commercial line (Comm).
2
Transport stress model consisted of injection of approximately 5,000 to 10,000 cfu of E. coli into the airsac, 8 d before a 12-h transport and holding procedure. Blood was collected 12 h after the end of the transport period and 9 d after E. coli challenge.
